This research work attempts to study the most prominent factor of the drilling operations performed on different thicknesses of biaxial glass fibre reinforced with graphene platelet nanopowder and epoxy composite using three different drills. Damages are induced in the workpieces to analyse the effect of changed cutting parameters and different tool materials for varied thicknesses of the plates during the drilling process. The resultant drilled hole exhibited surface irregularities that are measured using SURFCOM 1400G. The circularity deviations of the holes are measured using a coordinate measuring machine. Imageprocessing technique is used to calculate the area of maximum diameter of the damaged zone. Using these data, delamination at entry and exit is calculated. Utilizing response surface methodology and grey relational analysis, the varied operations are carried out and analysed with different tool materials for common cutting parameters. It is found that the lesser thickness workpiece with selected HSS drill under high speed and low feed rate is the best variable option.
Introduction
Recent trends reveal that composite materials are extensively used in nearly all engineering fields from the automobile sector to the aircraft sector; these materials are favoured because of their inherent lightweight and achievable higher fibre aspect ratio. Rezende et al. [1] investigated the drill geometries on sandwich composites and observed that the tool selected and the speed were the most important factors which affected the thrust force, while the tool and feed rate played a major role in the burr height of the drilled hole. Though numerous research studies have been carried out in this area of machining process, very little literature documenting drilling operation data using different drill bits is available. Kumar et al. [2] studied the drilling process parameters such as feed, speed, and the drilled hole parameters such as delamination and surface roughness with three different materials of drill bits. For this study, the various drills used were HSS, carbide-tipped straight shank, and solid carbide eight-facet drill. The author concluded that the quality of the drilled holes was improved by using a solid carbide eight-facet drill. Babu et al. [3] studied the influence of drilling parameters on natural fibre-reinforced plastic with a cemented carbide drill, and the results were compared with GFRP composites. The analysis was carried out using the Taguchi technique as well as ANOVA. Thus, the authors were able to establish that feed rate and cutting velocity are the most influencing parameters with respect to delamination for various fibre-reinforced laminates. Various parts are manufactured using a FRP composite which requires machining operations such as drilling, milling, and grinding for the purpose of fastening, according to Grilo et al. [4] . Asiltürk and Neseli [5] developed a new method for the determination of optimal cutting parameters and a mathematical model for the evaluation of surface roughness. The system adopted for their study was noted to yield satisfactory results. Khashaba and El-Keran [6] studied the influence of speed and feed on thin glass fibre-reinforced woven composite. The parameters taken into consideration for the analysis were cutting temperature, thrust force, torque, delamination factor, surface roughness, and bearing strength. The results showed that the delamination factor, torque, and thrust force increased with an increase in feed while the temperature induced increased with a decrease in feed. Debnath et al. [7] developed an innovative drill which was designed and made for the purpose of drilling on composite laminates. The authors found that the occurrence of damages from the developed forces was reduced when the operation was performed using the newly developed drill bit tool. Kulkarni et al. [8] investigated the drilling parameters of glass fibre reinforced with a carbon black vinyl ester composite. It was concluded that delamination was minimum with a tungsten carbide tool. From the scanning electron microscopic images, it was inferred that the delamination at the entry was minimum when compared to that at the exit side of the hole. In their study, Mohan et al. [9] performed drilling operation on a glass fibre-reinforced polymer composite and conducted delamination analysis. Their study predicted that peel-up delamination is influenced by specimen thickness and cutting speed. Similarly, pushdown delamination is influenced by specimen thickness and feed rate. Confirmation tests were conducted which yielded 99% confidence level with the predicted results. Mudhukrishnan et al. [10] studied the influence of tool materials on the surface roughness of the drilled hole of glass fibrereinforced polypropylene composites. Their study noted the drilled hole had a better surface finish when a solid carbide drill was used. Palanikumar and Davim [11] investigated the influence of tool wear parameters while machining GFRP composites. The results obtained from the experimental work and the analysis determined that the cutting speed is the major factor that influences the tool wear, with feed rate parameter a close second. Palanikumar [12] developed a model to determine delamination and surface roughness using surface roughness methodology. His ANOVA analysis showed that the results were within 95% confidence level. Sardinas et al. [13] performed a multiobjective optimization study on the process of drilling parameters such as delamination and material removal rate. The optimization process was carried out using genetic algorithms. The obtained results were represented graphically to determine their suitability for various processes. Sridharan et al. [14] studied the drilling process parameters on nanophased jute fibre-reinforced polymer composite. The authors adopted image-processing technique for the determination of the delamination factor. They also concluded that the addition of nanofiller material such as graphene enhanced the machinability of the composite material. Vankanti and Ganta [15] optimized the drilling process parameters using the Taguchi method. The authors found that feed rate is the most promising factor which influences thrust force, and cutting speed is the major factor affecting the torque. This methodology helped them not only to reduce delamination but also to meet drilled hole standard tolerance levels.
From various available literatures, it is found that no research work has been reported so far on the performance of drilling operation on a biaxial GFRP graphene platelet nanopowder composite. Usually, the delamination at entry and exit is measured by machine vision technique. In this research work, two different methods are used for analysing the optimal drilling parameters. One method is response surface methodology and the other is grey relational analysis. It is found that by using these two methods, the optimal results obtained are the same. The most suitable tool for drilling a nano-based GFRP composite is the HSS drill bit, and it yields minimum delamination at the entry and exit of the drilled hole with the lesser thickness (2 mm) specimen under high speed and low feed rate operations. The hole drilled using the HSS tool also gives minimum surface roughness and maximum circularity when compared to other titaniumcoated HSS and carbide tip drill tools.
Materials Used for the Study
This work involves the study of drilling operation on a biaxial glass fibre-reinforced polymer composite material. The material used for this study is a biaxial glass cloth of 600 gsm aerial density, purchased from Easy Composites, UK, and the laminates are prepared using hand lay-up method. Initially, bisphenol-A epoxy resin of grade LY556 is stirred thoroughly using a mechanical stirrer for 4 hrs, and then 0.1% weight of graphene platelet nanopowder is blended into the continuously stirred epoxy resin for another 4 hrs. Immediately after blending, 1 part of araldite hardener of grade HY951 is added to the blended resin mixture and infused to make the laminates. SEM image of the graphene platelet nanopowder is shown in Figure 1 to a magnification of 40,000x with particle size of 3 μm. Two sets of laminates are made to a thickness of 2 mm and 3 mm using the hand lay-up method. Then, the laminates are compressed in a compression moulding machine at 20 bar pressure and at a temperature of 80°C for 4 hrs after which it is allowed to cure for 24 hrs. Thus, the laminates are prepared and made ready for quality tests. They are then cut into test piece sizes of 100 × 100 mm. The drilling operation is performed in the vertical machining centre using three different drills (HSS drill, titanium-coated HSS, and carbide tip drill) of 10 mm diameter. The experimental set-up with the HSS drill bit is shown in Figure 2 , and the various drills used are shown in Figure 3 . Figure 4 (a) shows that there is a minimum delamination at the entry side for all the three different drills while Figure 4 (b) shows that there is maximum delamination with the titanium-coated HSS drill when compared to both the HSS drill and carbide tip drill at the exit side of the hole.
Experimental Work
3.1. Delamination Measurement. Delamination during drilling operation occurs in two ways-peel up and push out.
During drilling operation, the drill tool grazes the workpiece as the tool touches the specimen. The chips formed during the drilling operation gets pulled out in spiral form along 3 International Journal of Polymer Science the flute. As a consequence, the top surface of the laminate peels up first causing the defect called peel-up delamination. As the drilling operation progresses, the drill bit exerts compressive force which tends to bend the uncut plies elastically at the exit. At the same time, as the drill approaches the end of the process, there is a reduction in pressure due to less number of uncut plies which tends to reduce the resistance of bending in plies. Cracks develop adjacent to the hole because of increase in bending stress and weakening of interlaminar strength in the plies. As it drills down, the cracks get propagated further due to decrease in flexural rigidity. Due to this phenomenon, the bonding of interlamina fails which results in push-out delamination. But in the case of the carbide tip drill, there are two facets present for cutting, and there is a surface contact by means of the chisel edge of the tool. Since the concentration of the load at the surface contact increases, it causes irregularities around the drilled hole. The increased concentration of the load at the surface contact causes more irregularities in the area around the drilled hole.
Delamination is measured using machine vision Optiv Lite OLM 3020 model with a colour CCD camera of 1/3 ″ high-resolution capacity attached with VMS 3.1 software. 
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The set-up for measuring delamination is shown in Figure 5 . The measured data are analysed using Minitab 17. Delamination factor with the high-speed steel (HSS) drill at the entrance of the 2 mm sample is shown in Figure 6 (a). It is less at low feed rate, and its value is 1.087, while the delamination factor at the entrance for the 3 mm thickness specimen is shown in Figure 6 (b). It is less at higher feed rate, and it is 1.168 at 1200 rpm. Similarly, the delamination factor at the exit side of the 2 mm sample is minimum at 0.1 mm/ min feed rate with a value of 1.023 while for the 3 mm sample, it is less at higher feed rate and its value is 1.131 at 1200 rpm, as shown in Figures 6(c) and 6(d). Therefore, the delamination of the 3 mm sample at the entry and exit is minimum under the same conditions while there is a small variation with respect to the 2 mm sample. However, comparing the 2 mm and 3 mm samples, both at the entry and exit sides, the delamination factor obtained with the 2 mm sample is the minimum. Also, the error bar is included to represent the variations in the measured parameter values.
The delamination factor with the titanium-coated HSS drill at the entrance of the 2 mm sample is shown in Figure 6 (e). It is less at 0.1 mm/min feed rate and at 1200 rpm whose value is 1.028 while the delamination factor is minimum for the 3 mm sample at a feed rate of 0.1 mm/ min and at 1000 rpm whose value is 1.031, as shown in Figure 6 (f). Similarly, the delamination factor at the exit of the 2 mm sample is minimum at 0.1 mm/min feed rate and at 1200 rpm whose value is 1.037 while for the 3 mm sample, the delamination factor is minimum at 0.05 mm/min and at 1200 rpm whose value is 1.081. Therefore, delamination of the 2 mm sample at the entry and exit is minimum under the same conditions while there is a small variation with respect to the 3 mm sample. The delamination at the entry and exit is shown with an error bar in Figures 6(e)-6(h). The delamination factor with the carbide tip drill at the entrance of the 2 mm sample is shown in Figure 6 (i). It is minimum at 0.05 mm/min feed rate and at 1200 rpm whose value is 1.087 while the delamination factor is minimum for the 3 mm sample at 0.05 mm/min feed rate and at 1000 rpm whose value is 1.121, as shown in Figure 6(j) . Similarly, the delamination factor at the exit of the 2 mm sample is minimum at 0.1 mm/min and at 1000 rpm whose value is 1.026 as shown in Figure 6 (k) while the delamination factor for the 3 mm sample is minimum at 0.5 mm/min and at 1200 rpm whose value is 1.078, as shown in Figure 6 (l). Therefore, it is inferred from the graphs that the delamination factor is minimum with the 2 mm sample when compared with the 3 mm sample. The error bar is also represented in the graphs to predict the uncertainty in the measured parameter values.
Hence, it is concluded from Figures 6(a)-6(l) that the usage of the HSS drill, titanium-coated HSS drill, and carbide tip drill yields less delamination factor both at the entry and exit with the 2 mm sample than the 3 mm sample.
3.2. Surface Roughness Measurement. Surface roughness is measured using a computerized surface roughness tester with a diamond stylus of 2 μm radius, and the set-up is shown in Figure 7 .
The surface roughness of the hole drilled using the HSS drill and titanium-coated HSS drill is minimal at low feed rate and high speed. Similarly, the usage of a carbide tip drill 6 International Journal of Polymer Science tool follows a regular pattern with the 2 mm sample, and it is disturbed in the case of 1000 rpm. At 1000 rpm, there is a peak rise at maximum feed with the 2 mm sample. But as far as surface roughness is considered, it is minimal at maximum speed and at minimum feed rate with respect to the 2 mm sample. All the graphs from Figures 8(a)-8(c) are represented with an error bar. Surface roughness is minimum at 0.1 mm/min feed rate and at high speed with respect to the 3 mm thick specimen of the HSS drilled hole. As the thickness of the workpiece is increased, the feed rate has to be increased further, as inferred from Figure 8(d) . But when the titanium-coated HSS drill is considered, the surface roughness is minimum at high feed rate and high speed conditions as shown in Figure 8 (e). The surface roughness is also minimum at maximum feed and speed when the hole is drilled with the carbide tip drill tool. In Figures 8(d)-8(f) , the error bar is represented to show the variations in the measured values.
Thus, it is concluded that the surface roughness is minimum at less feed rate and high speed with the 2 mm sample while the surface roughness is minimum at high feed rate and high speed with the 3 mm sample. This is because as the selected thickness is increased, the feed rate needs to be increased further, so that the surface is smooth. According to Kumar et al., the occurrence of fracture is less under less feed and at high speed. The same criteria are also applicable observed that when the thickness was minimum, the conditions were satisfied but as the thickness of the specimen was increased, the above-stated conditions differed.
3.3. Circularity Measurement of Drilled Hole. Circularity is measured using a ZEISS Contura G2 coordinate measuring machine, and one of the profiles obtained is shown in Figure 9 . Figure 9 represents the profile for the 3 mm thickness specimen drilled with the HSS drill tool material under 0.15 mm/min feed rate and 1000 rpm speed. The various control parameters and their levels are represented in Table 2 .
Results and Discussion

Surface Roughness.
ANOVA technique is used for determining the most significant statistical parameter which influences the drilling operation of a biaxial noncrimp fabric composite. It also determines the percentage contribution of each control parameter during the drilling process. The results of the ANOVA analysis are shown in Tables 3-6 . Analysis is carried out to a confidence level of 95% (significance level is 5%). From Table 3 , it is understood that the type of drill bit, speed, feed, and thickness influenced the surface roughness values by 55%, 4.73%, 1.12%, and 0.51%, respectively. Since the P value is lower than 0.05, it is observed that the type of drill bit and speed have physical significance on surface roughness, especially the type of drill used for drilling purpose. Also, since the P value is more than 0.05, it is considered as insignificant and it is ignored.
Circularity.
The most significant factor for circularity is feed rate with a contribution of 14.16% which is then followed by speed, drill bit material, and thickness of specimen. This inference is drawn on the basis of Table 4 . Since the P value is more than 0.05, it is considered as insignificant and it is ignored.
4.3. Delamination at Entry. The thickness, feed, speed, and drill bit affected the delamination entry by 48.77%, 8%, 0.88%, and 0.04%, respectively. The thickness of the specimen and feed rate had physical and statistical significance on delamination entry especially the thickness of the specimen. Table 5 gives this inference about the delamination entry of the drilled hole. Since the P value is more than 0.05, it is considered as insignificant and it is ignored.
Delamination at Exit.
For the delamination at exit, the most influencing factor is feed with 15.18% contribution which is then followed by drill bit, speed, and thickness. Table 6 represents these values at the exit side of the drilled hole. Since the P value is more than 0.05, it is considered as insignificant and it is ignored. The various residual plots for surface roughness, circularity, and delamination entry and exit are shown in Figures 10(a)-10(d) . It is observed from the normal probability plots of all the four parameters that most of the values are best fitted with the straight line. The regression equations for surface roughness, circularity, and delamination entry and exit are developed using response surface methodology in order to predict the output responses. The generalized form of the regression equation is shown in the following:
where β 0 is the constant of RSM; β 1 , β 2 , β 3 , and β 4 are the coefficients of linear variables X 1 , X 2 , and X 3 , respectively; β 12 , β 13 , and β 14 are the coefficients of squares of linear variables X 1 , X 2 , and X 3 , respectively; β 21 , β 22 , β 23 , β 24 , β 25 , and β 26 are the coefficients of interaction of linear variables X 1 , X 2 , and X 3 , respectively.
Surf ace roughness = −28 60 + 9 53X 1 + 14 87X 2 -15 2X 3 where X 1 is the thickness, X 2 is the drill bit (i.e., 1-HSS, 2-Ticoated HSS, and 3-carbide tip drill), X 3 is the feed, and X 4 is the speed. Figure 11 represents the optimization plot for a drilling operation. It shows that the most optimal tool is the HSS drill bit, when the drilling process is carried out on a lesser thickness specimen under a feed rate of 0.08 mm/min and high speed (1200 rpm).
Grey Relational Analysis.
Grey relational analysis is an effective measure of analysing the drilling parameter relationship. In this analysis, initial preprocessing of the data is done so as to transfer the original sequence into a comparable sequence. Due to this, the experimental results are normalized to a range of zero and one. After data preprocessing, the grey relational coefficient is expressed as a ratio of ideal and actual normalized results as depicted in the following equation with different parameters:
where Δ 0i k is the deviation sequence of the reference sequence x * 0 k and the comparability sequence x * i k , namely,
Ϛ is the identification coefficient and it is assumed to be equal to 0.5 usually, and the grey relational grade is given by the following equation:
For the present study, the target values are set as minimum for surface roughness and delamination at entry and exit and maximum for circularity. Also, from the experimental design, as observed from Figure 12 and Table 7 , the drilling operation parameters set for experiment number 5 gives the best optimal performance characteristics among all the 54 experiments.
Conclusion
From the present study, the following points are concluded:
(i) Using response surface methodology, the most optimal drilling parameters for drilling biaxial GFRP with a graphene platelet nanopowder composite are found to be with the HSS drill bit on 2 mm thickness specimen under limiting factors of high speed and low feed rate.
(ii) Using grey relational analysis, the most optimal conditions for drilling biaxial GFRP with a graphene platelet nanopowder composite is found to be with the HSS drill on 2 mm thickness specimen with low feed rate at the selected 1000 rpm speed.
Therefore, by comparing the two methods, the most optimal conditions of the drilling process are found to be the same. Thus, for minimum thickness of biaxial GFRP with the graphene platelet nanopowder composite, the HSS drill suits well and the delamination at the entry and exit is minimum with the 2 and 3 mm thickness specimens. Also, the surface roughness is minimum, and the circularity is maximum with the 2 mm thickness specimen which is drilled with the HSS drill bit.
Hence, it is concluded that for the biaxial nanocomposite, the drilling operation performed using the HSS drill bit on 2 mm thickness specimen under high speed and low feed rate yielded minimum delamination at the entry and exit, minimum surface roughness, and maximum circularity when compared to titanium-coated HSS drill and carbide tip drill tools. 
